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I. INTRODUCTION

We report here the first unambiguous detection of the J = 17 + J = 16
transition at 153 ym in the interstellar medium. The contribution that this
transition can make to our understanding of shocked interstellar gases is
substantial since it falls into an unexplored gap that lies between transi-
tions J + J - 1 involving higher-energy upper states in the range from J = 21
to J = 30 studied by Watson et al. (1980) and Storey et al. (1981) and, on the
other side, transitions from lower energy upper states J = 6 and J = 4, re-
spectively, obeerved by Goldsmith et al. (1981) and Phillips, Kwan, and
Ruggins (1980). The lower-lying transitions are most strongly influenced by
low-temperature gas. The higher-level transitions exhibiting rotational
states around J = 30 are sensitive indicators of local density and temperature
in the shocked region. The intermediate transitions involving rotational
states around J = 15 are intimately associated with shocks, since the excitation
temperature of these lines lies around 750 K; however, they are remarkably
insensitive to temperature once the excitation temperature has been reached,
and are also remarkably insensitive to density, particularly for density
ranges associated with a molecular cloud such as the Kleimmann-Low Nebula (KL
Nebula). The line strength is therefore a direct indicator of the total mass
of carbon monoxide (CO) in snocked and postshocked regions and, by inference,
can serve as an indicator of the total mass of shocked hydrogen in these

regions. A direct measure of that mass is made difficult by interstellar
dust, which readily absorbs the near-infrared H, emission but transmits the
submillimeter CO radiation.




I1. OBSERVATIONS

On the mornings of 18 and 22 September 1981, the . Nebula in Orion was
observed from aboard the Kuiper Airborne Observatory (KAO), flying at an
altitude of 12.5 km. The instrument we used was a modification of our earlier
liquid-helium~cooled grating spectrometer. It has been described elsewhere in
more detail (Harwit et al. 1981). Briefly, however, the radiation from the
telescope first passes through an interferometric stage and then enters the
grating instrument that uses two stressed, gallium-doped, germanium detectors,
capable of sensitive observations beyond 170 um.

The interferometer is a two-beam device that effectively acts like a
lamellar grating interferometer with just two lamellae. Light from the tele-
scope is first focused onto a limiting aperture that deternines the field of
view in the sky along one direction--the direction along which the interfer-
ence fringes are separated. A recollimating mirror follows this aperture and
serves to image the primary mirror of the telescope onto two plane mirrors, in
such a way that one semicircular half of the primary is imaged onto the sta-
tionary plane mirror while the other half is imaged onto the movable mirror.
This pair of mirrors is used to produce an interferogram. The total travel of
the movable mirror is 5 cm, so that the light-path difference induced is 10 cm.
The theoretical resolution of such a device is 0.l en~l. This corresponds to
a velocity resolution of ~ 500 km s”1 along the line of sight. We step the
movable mirror through 32 successive positions and integrate for several
seconds at each position to obtain the intensity in the central interference
fringe at each separation.

This fringe of the recollimated radiation falls onto the entrance slit
of the liquid-helium-cooled grating instrument used in all our earlier
. observations-—an instrument of the type described by Houck and Ward (1979).
While the field of view along one direction is determined by the limiting
aperture of the interferometer stage, the field of view in the transverse
direction is determined by the width of the grating entrance slit, the
interferometer aperture being oversized along that direction. The overall




field of view obtained in this way is rectangular and approximately 1' x 1',

the field of view along one dimension being approximately 1U% larger than
along the other. Observations of the KL Nebula suggest an inflight noise
equivalent power for the system, including all atmospheric and ihstrumental
losses, amounting to roughly 3 x 10013 Hz'llz. at 153 um for zero path
difference in the interferometer. '

The bandpass of the grating instrument is approximately 1 um between
half-power points. The free spectral range defined by the interferometer is
3.8 ym, and the separation between independent spectral elements is ~ 0.12 um.
Monochromatic radiation whose wavelength falls between two independent spec-
tral elements will normally contribute part of its flux to one element and
part to the adjacent element, making its line position uncertain by approxi-

mately 0.12 ym at 153 um.
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I1I. RESULTS

The spectrum obtained in observations of the KL Nebula is shown in Fig,
1. The absolute wavelength calibration of our instrument is currently uncer-
tain to spproximately O.l um, and the peak of the radiation falls between
153.35 and 153.48 um, the dominant component lying closer to the shorter wave-
length. The line-to-continuum ratio at this wavelength is approximately 1:2
over the 0.24-um wavelength interval defined by the two adjacent points. As
explained below, this corresponds to a flux of 7 x 10717 w a2 at Earth.
Storey et al. (1981) find that the emission in the J = 21 + 20 transition
comes from a region whose diameter (FWHM) along a NW-SE scan is 1.5'. This
would correspond to a line-emitting area on the sky roughly twice that of our
beam, from which we conclude the total 153.3-uym CO flux from KL to be ~ 1.4 x
10716 § cn™2, Previous measurements carried out from the Lear Jet, with a
field of view of 4' x 7', convince us that the total flux from the KL Nebula
and its immediate surroundings is less than 3 x 10716 y cm'z, and that the
radiation observed from the KAD is close to the total 153-um line emission of
the KL Nebula. We will see that this permits us to estimate the total amount
of hot, shocked CO in this part of the Orion complex.

Measurements of the 153.3-uym CO emission were also attempted for a vari-
ety of other sources. In a previous flight on M7 on the KAO in May 1981, we
tried to observe emission at this wavelength both at the infrared radiation
peak and from the CS molecular emission region. Upper limits for this radia-
tion are shown in Table 1. We also attempted observations of this CO line
from NGC 7027. Here, radiation at a level of 10°16 y cm~2 may have been
detected, but we can only be certain that the flux is not greater than this

level. Finally, we report an upper limit also for NGC 2024.
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The spectrum of the KL Nebula at 153 um. If atmospheric
absorption were entirely negligible, the continuum emis-
sion from the nebula would give rise to a purely trian-
gular spectral response (dashed lines) peaking at ~ 153 m
with half-power points ~ 1 um apart. Below 152.5 and
above 153.9 um, we expect no signal contribution. The
plot shown here represents an average of four separate,
triangularly apodized spectral runs, each of which ex-
hibits the peak at 153.3 ym. Error bars indicate the
standard error of the mean for these four spectral runs.
The position on the sky viewed was the position of peak
flux at 153.3 yn. However, since we are exhibiting the
power spectrum here, all errors translate into positive
values. The CO line is not resolved with our i{nstrument.
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Table 1. Results of 153-um Observations in Search
of CO Emission from Various Sources

Object Flux (W cm™2) Aircraft Dates r
KL observed 1' x 1' 7 x 10717 KAO® Sep 1981
KL total estimated ~ 1.4 x 10717 RaoP
4' x 7' field in Orion,
centeved on KL <3 x 10716 Lear® Nov 1979
M7 IR peak < 10716 KAO May 1981
Ml7 CS molecular region <7 %1071 KAO May 1981
NGC 7027 ¢ 10716 KAO Sep 1980,
May 1981
NGC 2024 <2 x 10716 Lear Dec 1980

8KA0 beam size 1' x 1° 2
bEstinated for a 2-arcmin® field of view
ClLear beam size 4' x 7'

11

- .
e et Tt A e S g



IV. DISCUSSION

Watson et al. (1980) and Storey et al. (1981) suggested that the observed
itensities for the rotational lines they had detected were compatible with &
vo-component model. One component had a temperature of 2000 K and a molecu-
ar Hy density n(Hy) ~ 106 cm°3; the other had a temperature in the range fror
JO to 1000 K and a density between 2 and 5 x 10% cm™3. Recently, McKee,
torey, and Watson (1982) computed the emissivities of different rotational
fnes of CO as a function of temperature and density. For the rotational
ransition J = 17 + J = 16, the emission rate per molecule is largely insensitive
o both temperature and density, for temperatures above 500 K and densities
bove 106 cm'3 (Fig. 2). The computed emission is cited as accurate to within

factor of 30%. To that accuracy, the emission per molecule of CO can be

3

aken to be 2 x 10'27 W sr'1 for number densities in excess of 106 em ° and

or temperatures from 750 to 2000 K.

Werner et al. (1976) find the emission from the KL Nebula within a 1’
eam to approximate a 70-K blackbody's radiation if the emissivity falls as
0/A, where the wavelength is measured in um. On that basis our continuum
lux at 153 um should correspond to approximately 5 x 10'16 W cm'2 um-l. The
andwidth of each of our spectral elements at this wavelength is 0.12 um, and
e see the line distributed between two adjacent elements at a strength just
wver half the continuum (representing a line flux of 7 x 10717 w @2 1n the
dine) in a8 1' x 1' beam and, as discussed above, a total flux of 1.4 x 10'16 W
m~2 from the KL Nebula. The strength of this line along with the results of
lcKee, Storey, and Watson (1982) allow us to derive a CO column density of

v 4 x 1017 en~? in this region.

The overall accuracy of this value is roughly 50% and reflects uncer-
.ainty in a number of parameters of our new instrument, as well as limitations
n the signal-to-nofse ratio. This result agrees well with predictions made
'y Storey et al. (1981), coinciding, within our errors, with the value they
:alculate. 1f we assume the distance to the KL Nebula to be 500 pc, the flux
it the nebula must be 3.4 x 1026 y sr'l, corresponding to an emission of

13
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~ 1.7 x 1053molecu1es or 8 x 1030 g of CO, If the ratio of number densi-

ties n(CO)/n(Hg) is €, then the number of hot, shocked H molecules corresponds
to ~ 1.7 x 10° e”!, the mass of molecular H is 6 x 1029 ¢! g, and the depth

of the J = 17 » 16 emitting region is approximately N(Co)lln(ﬂz)t] cm.

If one-quarter of all the C is in the fc 2 of CO, as suggested by the
observations of Storey et al. (1981), and if C is present in cosmic abundance,
then € ~ 1.7 x 107" and the mass of molecular H at a temperature 2 750 K
is ~ 3.5 x 1033 g, roughly 1.5 M. This value of € also implies that the depth
of the CO-emitting region along the line of sight is ~ 2 x 1015 cm, corre-
sponding to a thin, hot sheet, and is in agreement with the earlier conclusion

of Beckwith et al. (1978).

This number is predicated on an emission rate of 2 x 10727 y g~}

nolecule'l, which, as Fig. 2 shows, holds true within ~ 30X over a temperature
range between 750 and 2000 K and for nHz 2 108 c|n°3. A molecular H density of

this magnitude is also observed (Beckwith, Persson, and Neugebauer 1979).

One interesting factor should still be mentioned. If the column demnsity
of molecular H in the KL Nebula is ~ 3 x 1020 cn2 (Beckwith, Persson, and
Neugebauer 1979) and the initial O abundance in the region was cosmic, then,
allowing for the O now in the form of CO, the reoullting column density of atomic

0 in the nehula is ~ 4 x 1017 cm'z. Assuming a temperature of 1000 K and a

dengity ny ~ 106 cm'3, the expected 63-uym flux would be be ~ NoAhv/3, where A

= 9 x 1075 7! 15 the Einstein coefficient, the energy per emitted photon

is hv = 3 x 10-14 ergs, and the factor 1/3 accounts for the weight of differ~
ent states. This assumes that the density of H, substantially exceeds the
critical density. The expected flux then is of the order of 3 x 10716 w =2,
well below the total for the Orion Nebula which Melnick, Gull, and Harwit
(1979) observed, but well above the upper limit for the KL Nebula, 5 x 10717 w
c-'z, found by Storey, Watson, and Townes (1979).

The Berkeley group (Storey, Watson, and Townes 1981) has also made a ten-
tative detection of the 2113/2, J = 5/2 + 3/2 transition of OH, approximately
30" north of the KL Nebula. They calculate a column density of 3.6 x 1015 cm™2

15
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molecules of shocked OH. At a distance of 500 pc the number of molecules in a
1' beam then becomes: 6 x 1050, This still is very low compared to the amount
of CO present. The other form in which O might be found is H)0. Phillips et
al. (1978), however, estimate typical water vapor concentrations in the KL
Nedula to be nnzo/nH2 ~ 10-5. Dust grains alone also cannot contain the

expected amount of O. The weakness of the 45~um Hy0 ice band recently

reported by Erickson et al., (198l), as well as the upper limits on material
required to produce the 3.28-um emission feature that might be related to water
on grains (Sellgren 1981), precludes significant amounts of O on grains. This
leaves as a puzzle the whereabouts of O, unless it appears in the form of 0y,
or 002 whose infrared spectrum might be observable, or unless C is more
abundant than O in the gas in the KL Nebula.

Hill and Hollenbach (1978) have predicted strong atomic O emission in
shocked neutral clouds surrounding H Il regions. On the other hand, Iglesias
(1977) finds that a dense molecular cloud cooling to 30 K becomes depleted of
atomic O, largely at the expense of increasing amounts of 0, and CO, during
the course of ‘3 x 106 years., Iglesias and Silk (1978) have also studied the
chemistry of regions that are shocked after an initial cool-down. The atomic
O abundance remains low, but HZO becomes almost as abundant as CO in the hot, <
postshocked gas. In fast shocks, however, these molecules are dissoclated as
shown hy Hollenback and McKee (1980). The contrast between the prediction of
Hollenbach, Hill, and McKee, on the one hand, and Iglesias and Silk on the
other, holds out hope that observations of the kind discussed here may soon
provide decisive data on the basis of which theoretical models can be
supported or eliminated.
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The Laboratory Operations of The Aercepacs Corporation is conducting
experimentsl ead theoreticsl ianvestigations necessary for the evaluation and
application of scientific advances to nev military space systems. Versatility
and flexidility have been developed to s high degres by the laboratory person-~
nel in dealing with the meny problems encountered in the nation's rapidly
developing space systems. Expertise in the latest scientific developments is
vital to the accowplishment of tasks related to these problems, The labora-
tories that contribute to this research are:

Asrophysics Laboratory: Launch vehicle and reentry fluid mechanics, beat
transfer sod iuﬁ ayu-tu; chemical end electric propulsion, propellaant
chenistry, environmental hasards, trace datection; spacecraft structursl
mechanics, contamination, thermal and structural control; high tesperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development
including chemical kinetics, spectroscopy, optical resonators, besm control,
atsospheric propagation, laser effects and countermesasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, 1ight scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectrouics, solar cell physics, battery slectrocheaistry, space
vacuus and radiation effects on materials, lubrication and surface phenomena,
thersionic emission, photosensitive msterials and detectors, atomic fraquency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, prograa translation,
parformance-sensitive system design, distriduted architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
aicroslectronics spplications,

Electronics Rasearch Laboratory: Microelectronics, GaAs low noise and
power devices, semiconductor fmn, electromagnetic and optical propagation
phenowena, qusntum electronics, laser commsunications, lidar, and electro-
optice; communication eciences, applied electronics, semiconductor crystal and
device physics, rsdiomstric imeging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences laboratory: Development of new materials: metal
matrix composites, polymesrs, new forms of carbon; nondestructive evalua-~
tion, component fsilure snalysis and relisbility; fracture mechanics and

stress corrosion; analysis end evaluation of materials at cryogenic and
alevated temperatures as well as in spscs and enemy-induced environments.

ce Sciences Laboratory: Magnetospheric, suroral and cosmic ray phys-
ics, wave-particle interactions, megnetospheric plasms waves; atmospheric and
fonospheric phyeics, density snd composition of the upper atmosphere, remote
sensing using stmospheric radiation; solar physics, infrared astronomy,
{infrared signsture analysis; effects of solar activity, megnetic storas and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and perticulste radistions om space systems; space
{astrusentstion.
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